] (X = Cl 1, Br 2). Treatment of 1 or 2 with PPh 3 in CH 2 Cl 2 resulted in the formation of tetranuclear cubane-like compounds (µ 3 -X)(µ 3 -WSe 4 )(CuPPh 3 ) 3 (X = Cl 3, Br 4). The structures of the heterobimetallic selenium compounds 1 and 4·MeCN were confirmed by single-crystal X-ray diffraction. The nonlinear optical properties of 1 were investigated at λ = 532 nm with a pulse width of 7 ns.
Introduction
The chemistry of the heteroselenometallic compounds containing anions [MSe 4 ] 2− (M = Mo, W) has received attention owing to their structures and nonlinear optical (NLO) properties in recent years [1] . Compared with heterothiometallic compounds, it is reasonably speculated that, similar to their sulfur counterparts, selenium-containing compounds may also possess large NLO properties [2, 3] . An important reason is that the heavy atom effect may result in effective improvement of NLO properties [4] . Another important reason is that selenium-containing compounds have important applications as precursors for low band gap semiconductors and in nonlinear optics [5] . In this connection, we set out to isolate new heteroselenometallic compounds from reactions between tetraselenometalate anions and coinage metal cations, and further to investigate the structure-property relationship of this class of compounds. A number of heteroselenometallic compounds have been successfully isolated to date. Their structural types include linear, butterfly, cubane, incomplete cubane, coplanar T-frame and open crossframe, crown, cage, and pin-wheel shapes [6 -16] .
0932-0776 / 09 / 0200-0209 $ 06.00 c 2009 Verlag der Zeitschrift für Naturforschung, Tübingen · http://znaturforsch.com Among these heteroselenometallic compounds, the variation of structural types mainly depends on the number of coinage metal atoms bound to the tetrahedral [MSe 4 ] 2− moiety, which probably influences the NLO properties of the compounds [14, 16] . Herein, we report the syntheses of trinuclear linear compounds [Et 4 N] 2 [(µ-WSe 4 )(CuX) 2 ] (X = Cl 1, Br 2) and their structural transformation to tetranuclear cubane-like compounds (µ 3 -X)(µ 3 -WSe 4 )(CuPPh 3 ) 3 (X = Cl 3, Br 4). Their structures and spectroscopic properties along with NLO properties were investigated.
Experimental Section

General
All manipulations were conducted using Schlenk techniques under an atmosphere of nitrogen. All reagents, unless otherwise stated, were purchased as analysis grade and were used without further purification. [Et 4 N] 2 [WSe 4 ] was prepared by a modification of the literature method [17] . Infrared spectra were recorded on a Digilab FTS-40 spectrophotometer with use of pressed KBr pellets. Electronic spectra were obtained on a Hitachi U-3410 spectrophotometer. All elemental analyses were carried out using a PerkinElmer 2400 CHN analyzer. 
Syntheses
Crystal structure determination
Single crystals of 1 (0.22 × 0.16 × 0.12 mm 3 ) and 4·MeCN (0.24 × 0.17 × 0.10 mm 3 ) were mounted in random orientation on glass fibers. Diffraction data were collected on a Bruker SMART Apex CCD diffractometer with MoK α radiation (λ = 0.71073Å) at 296 K using an ω scan mode. The collected frames were processed with the software SAINT [18] . The data were corrected for absorption using the program SADABS [19] . Structures were solved by Direct Methods and refined by full-matrix least-squares on F 2 using the SHELXTL software package [20] . All nonhydrogen atoms were refined anisotropically. The positions 
of all hydrogen atoms were generated geometrically (C sp 3 -H = 0.96 and C sp 2 -H = 0.93Å) and included in the structure factor calculations with assigned isotropic displacement parameters but were not refined. The MeCN solvent molecule in 4·MeCN was refined isotropically with the hydrogen atoms. Crystal data, data collection parameters and details of the structure refinement are given in Table 1 . CCDC 703019/703020 contain the supplementary crystallographic data for this paper. These data can be obtained free of charge from The Cambridge Crystallographic Data Centre via www.ccdc.cam.ac.uk/data request/cif.
Optical measurements
A DMF solution of 2.15 × 10 −3 mol dm −3 of compound 1 was placed in a 1 mm quartz cuvette for optical measurements. The optical limiting characteristics along with nonlinear absorption and refraction was investigated with a linearly polarized laser light (λ = 532 nm, pulse width = 7 ns) generated from a Q-switched and frequency-doubled Nd : YAG (1) 2.6607 (7) W(1)-Cu(2) 2.6887 (7) Se ( laser. The spatial profiles of the optical pulses were nearly Gaussian. The laser beam was focused with a 25 cm focallength focusing mirror. The radius of the laser beam waist was measured to be 30 ± 5 µm (half-width at 1/e 2 maximum in irradiance). The incident and transmitted pulse energy were measured simultaneously by two Laser Precision detectors (RjP-735 energy probes) communicating to a computer via an IEEE interface [21] . (2) was isolated from CuBr powder under similar reaction conditions. It should be noted that bulk 2,6-dimethylpyridine acts as a co-solvent instead of a ligand in the present system. Addition of a small amount of 2,6-dimethylpyridine increases the solubility of the solid reactants, resulting in [15] .
Results and Discussion
The structure of 1 was confirmed by an X-ray diffraction study. The structure consists of well separated cations and anions, as shown in Fig. 2 as a [15] . When compounds 1 and 2 were reacted with PPh 3 in a mixed CH 2 Cl 2 /DMF solvent, the cubane-like compounds (µ 3 -X)(µ 3 -WSe 4 )(CuPPh 3 ) 3 (X = Cl 3, Br 4) were obtained (see Scheme 1) . The reactions involve the substitution of halide by the strong σ donor PPh 3 and structure transformation from trinuclear linear to tetranuclear cubane-like. This observation together with our previous report on cluster skeleton change from cross plane to cubane suggests that the cubane-like compounds are structurally stabilized in the presence of PPh 3 and halide [12, 24] .
Compound 4·MeCN was characterized by singlecrystal X-ray diffraction. A view of the structure of 4 is shown in Fig. 3 , and selected bond lengths and angles are given in Table 3 . The crystal structure consists of a neutral cubane-like cluster (µ 3 -Br)(µ 3 -WSe 4 )(CuPPh 3 ) 3 along with the solvent molecules. Both cubane-like compounds show bands at 2253 and 2251 cm −1 in their IR spectra, which are typical for the CN − stretching absorbance, indicative of the MeCN solvent molecules in the structures. The molecular cluster of 4·MeCN crystallized in the rhombo- Table 3 . Selected bond lengths (Å) and bond angles (deg) for (µ 3 -Br)(µ 3 -WSe 4 )(CuPPh 3 ) 3 (4·MeCN). (5) • . The average W-Cu distance of 2.7643(9)Å in 4·MeCN is slightly longer than that of 2.6747(7)Å in 1, but is still shorter than the sum of the van der Waals radii of tungsten and copper atoms, which suggests that minor interactions may exist between two metal atoms. The Cu-Br distance of 2.7896(14)Å in 4·MeCN agrees well with that of 2.797(1)Å in (µ 3 -Br)(µ 3 -MoSe 4 )(CuPPh 3 ) 3 [24] . The average Cu-Br-Cu bond angle of 71.72 (4) • in 4·MeCN deviates strongly from 90 • as the standard cubane angle. This structural feature has also been observed in related cubane-like heteroselenometallic compounds [6, 24] . The electronic spectra of compounds 1 and 2 in DMF solution show intense absorption bands at 350 -500 nm. The intense shoulder peaks at about 360 -365 nm may be assigned to the Se → W charge transfer arising from the [WSe 4 ] 2− moiety, whereas the weaker broad bands at about 485 -490 nm may be ascribed to a relatively weak [WSe 4 ] 2− to copper interaction [25] . It is interesting to note that the Se → W charge transfer transition peaks are ca. 40 nm blue shifted upon the structural change from trinuclear linear to tetranuclear cubane compounds, probably due to one terminal W=Se double bond being retained in the cubane-like compounds. Moreover, a comparison of the electronic spectra of the four compounds with that of the free [WSe 4 ] 2− anion [26] suggests that all of the bands of [WSe 4 ] 2− are shifted toward higher wavelength, thereby indicating a strong interaction between the [WSe 4 ] 2− moiety and the copper atoms.
The NLO properties of compound 1 were investigated by using the Z-scan technique [21] . The nonlinear absorption component was evaluated under an open aperture configuration. Theoretical curves of transmittance against the Z-position, Eqs. 1 and 2, were fitted to the observed Z-scan data
by varying the effective third-order NLO absorptivity α 2 value, where the experimentally measured α 0 (linear absorptivity), L (the optical path of the sample) and I i (z) (the on-axis irradiance at z position) were adopted. The solid line in Fig. 4 (above) is the theoretical curve calculated with α 2 = 6.11 × 10 −11 m W −1 for the concentration of 2.15 × 10 −3 M of 1 in a DMF solution. The nonlinear refractive component plotted with the filled squares in Fig. 4 (below) was assessed by dividing the normalized Z-scan data obtained under the closed aperture configuration by the normalized Z-scan data obtained under the open aperture configuration. The valley and peak occur at about equal distances from the focus. It can be seen that the difference in valley-peak positions ∆Z V−P is 7.3 mm and the difference between normalized transmittance values at valley and peak positions ∆T V−P is 0.12 for 1. These results suggest an effectively good third-order optical nonlinearity [24] . The solid curve is an eye guide for comparison where the effective nonlinear refractivity n 2 value estimated therefore is 4.18 × 10 −13 esu for 1.
Comparing the NLO data of cluster compound 1 with that reported for M(W)/Cu(Ag)/S(Se) clusters [12 -16, 27] , it may be seen that the NLO behavior of compound 1 is comparable to those of polynuclear cluster compounds. The negative value of nonlinear refraction in 1 indicates that there are self-defocusing effects in NLO behavior of the crown-like cluster compound, which is obviously different from that of cubane-like cluster compounds that show self-focusing effects of nonlinear refraction [28] . This provides evidence that the structural alterations of clusters may give rise to variations in the NLO properties [29] . More examples of heteroselenometallic cluster compounds will be synthesized for investigation of the structure/NLO property relationship.
